Central vision is substantially over represented in the lateral geniculate nucleus (dLGN) and striate cortex. The over representation could be accompanied by a selective expansion of central vision in parvocellular dLGN, in which case the ratio of parvocellular to magnocellular inputs to striate cortex should change with retinal eccentricity. To test this, sample ratios were determined from counts of neurons in dLGN labelled retrogradely with WGA-HRP from striate cortex at the cortical representations of various eccentricities. Parvocellular to magnocellular ratios decreased from a mean of 35:1 at the fovea to 5:1 at 15°eccentricity. Furthermore, they exceeded the ratio of Pb to Pa ganglion cells in central retina, but not in peripheral retina, showing that the uneven P to M ratio in the LGN does not merely mirror the distribution of ganglion cells in the retina. This provides direct evidence for selective over representation of central vision in parvocellular dLGN.
Introduction
Both the lateral geniculate nucleus (dLGN) and striate cortex contain visuotopic maps in which central vision is substantially over represented (Clark, 1941; Holmes, 1945; Daniel & Whitteridge, 1961; Malpeli & Baker, 1975) . It is debated whether this merely recapitulates the grossly uneven distribution of ganglion cells in the retina (peripheral scaling: Hubel & Wiesel, 1974; Schein & de Monasterio, 1987; Schein, 1988; Wässle, Grü nert, Rö hrenbeck & Boycott, 1989; Malpeli, Lee & Baker, 1996) or whether the representation of the fovea and closely adjacent retina is additionally magnified (expansion: Rolls & Cowey, 1970; Myerson, Manis, Miezen & Allman, 1977; Dow, Snyder, Vautin & Bauer, 1981; Connolly & Van Essen, 1984; Van Essen, Newsome & Maunsell, 1984; Dow, Vautin & Bauer, 1985; Perry & Cowey, 1985 , 1988 Silveira, Picanco-Diniz, Sampaio & Oswaldo-Cruz, 1989; Azzopardi & Cowey, 1993; Silveira, Perry & Yamada, 1993) . The latter view is supported by direct anatomical evidence for an expansion of central vision between the dLGN and striate cortex (Azzopardi & Cowey, 1996b) .
The visual projection from retina to cortex consists of two major, parallel divisions: The magnocellular (M) and parvocellular (P) pathways. The former originates in the Pa ganglion cells of the retina, which project to the M laminae of the dLGN, and the latter originates in Pb ganglion cells, which project to the P laminae of the dLGN (Clark, 1941; Perry, Oehler & Cowey, 1984) . In turn, M and P neurons in the dLGN project predominantly to layers 4Ca and 4Cb of the striate cortex, respectively (Hubel & Wiesel, 1972) . The two systems are functionally, as well as anatomically, distinct in the retina and dLGN; the M system mediating high temporal frequency and low spatial frequency vision, and the P system mediating spectral opponency, high spatial frequency vision, and stereopsis (Derrington, Krauskopf & Lennie, 1984; Derrington & Lennie, 1984; Shapley & Perry, 1986; Schiller, Logothetis & Charles, 1990) .
It is important to know how the M and P pathways are involved in the expansion of central vision, since any differences in topography of the two systems could affect the way magnocellular-and parvocellular-mediated vision varies across the visual field. Clark (1941) reported that the ratio of parvocellular to magnocellular neurons was greatest in the caudal dLGN, representing central vision, implying that the ratio of P to M geniculate inputs to the striate cortex must decrease as a function of eccentricity. This was confirmed by Connolly and Van Essen (1984) and Schein and de Monasterio (1987) on the basis of calculations involving data collated from several sources, but not by Livingstone and Hubel (1988) who determined the ratios by labelling P and M geniculate neurons retrogradely from striate cortex. The discrepancy was plausibly explained by Livingstone and Hubel in terms of errors accumulated in the course of initially mapping the topography of the dLGN (Malpeli & Baker, 1975) , determining neuron density (Clark, 1941) , and unfolding and remapping the topography of the dLGN (Connolly & Van Essen, 1984) , all of which steps were combined in the former studies in calculating the P to M ratios. However, Malpeli et al. (1996) have since provided cell counts from the dLGN used in their original study (Malpeli & Baker, 1975) and combined them with reworked topography to show that the variation in P to M ratio with eccentricity described by Connolly and Van Essen (1984) could not have arisen from overlooked histological distortion as had been implied.
Given the persisting discrepancy between the results obtained indirectly (i.e. by combining data across more than one study) and directly (i.e. by retrograde labelling), we decided to measure the ratio of P to M neurons in dLGN labelled retrogradely from the striate cortex for ourselves. The results, published previously as an abstract (Azzopardi, Jones & Cowey, 1996) , differ from Livingstone's and Hubel's in showing that the ratio of P to M inputs to the cortex decreases with eccentricity.
Methods
In an experiment reported previously (Azzopardi & Cowey, 1996a,b) , a neuronal tracer was injected at discrete locations of varying eccentricity in striate cortex of three macaque monkeys (Macaca mulatta) in order to label retrogradely corresponding projection neurons in the dLGN and, transneuronally, the corresponding ganglion cells in the retinae. Here we describe how the resultant histological material was used to estimate the ratio of P to M neurons labelled from the representation of different eccentricities in the cortex. All procedures were carried out in accordance with the requirements of, and licenced under, the UK. Animals (Scientific Procedures) Act 1986.
Tracer injection
The tracer was wheat-germ conjugated horseradish peroxidase (WGA-HRP) (Sigma L-7017), dissolved in a 0.07% solution of kainic acid in physiological saline at concentrations of 12-15%, and injected through glass micropipettes with a tip of 20 mm diameter into the cortex under visual guidance. Each injection was 0.5 ml in volume, delivered over a period of 5 min, after which the micropipette was left in situ for a further 5 min to minimize leakage. The purpose of the kainic acid was to prevent anterograde transport of the label. After 7-8 days the monkeys were perfused transcardially with 1% paraformaldehyde and the retinae removed and processed whole for visualization of HRP with tetramethylammonium benzoate (TMB) to reveal ganglion cells labelled retrogradely and transneuronally from the striate cortex (Olucha, Martinez-Garcia & Lopez-Garcia, 1985; LeVay & Voigt, 1990; Azzopardi & Cowey, 1993 , 1996b . Perfusion concluded with Karnovsky's fixative (1.25% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2), followed by 5 and 10% sucrose in fixative. A pair of skewers, 5 mm apart, was driven through each hemisphere of the exposed brain parallel to the antero-posterior axis before blocking the brain 20°from the vertical in the coronal plane and sectioning it at 50 mm on a freezing microtome. The skewer tracks were used to provide an estimate of post-perfusion shrinkage, and to align serial coronal sections correctly during reconstruction.
Determination of P to M ratios in the LGN
A one-in-two series of sections through the posterior 2 mm of the dLGN (which represents the central few degrees of vision) and a one-in-five series of sections through the remainder of the nucleus were stained for visualization of HRP using the Hanker-Yates procedure (Hanker, Yates, Metz & Rustioni, 1977) , counterstained with cresyl violet, and mounted in DPX.
Parvocellular and magnocellular projection columns, each column traversing all laminae and corresponding topographically to a single site of injection in the cortex, were clearly visible from the distribution of HRP in the dLGN. Using a microscope with a drawing tube attached to it, the outline of each column and the borders of individual laminae were drawn at a final magnification of × 156, and their volumes determined using Simpson's rule (Aherne & Dunnill, 1982) . The density of neurons (irrespective of labelling) within these volumes was determined from cresyl-stained sections using systematic random sampling and a sampling grid of 100× 100 um at a magnification of × 1000, and including corrections for shrinkage. Next, the location of each neuron labelled with WGA-HRP was marked on the corresponding drawing with a small cross. A Fig. 1 . Drawing of a section through an injection site in the striate cortex. The solid lines representing the outer borders of layer 4C were traced from an adjacent section stained for cytochrome oxidase, and the solid line equidistant between them represents the border between layers 4Ca and 4Cb. The dashed lines represent the same boundaries calculated from the known depths of the borders as a proportion of the thickness of the cortex (Lund, 1974) . It is clear that the two methods correlate well in this section. Although the injection seems to affect layer 4C uniformly, 55% of the volume of layer 4C infitrated was found in 4Ca. This asymmetry persisted through all sections of this particular injection site, necessitating a correction to the ratio of labelled P to M neurons in the corresponding projection column in the dLGN.
neuron was designated as labelled if brown grains of HRP reaction product were visible in its soma, but most neurons were even more densely stained. The number of labelled neurons in each lamina of each column was counted in every section that had been stained with Hanker -Yates' method using a tally counter, and the ratio of labelled P to M neurons was calculated for each column.
Note that stereological methods for determining cell numbers (as recommended by Coggeshall & Lekan, 1996 , for example) were not employed in this study. This was unavoidable, as the frozen sections required by the histochemical protocols for transynaptic-labelling with WGA-HRP tend to collapse unevenly onto the slide on drying, rendering them unsuitable for stereological analysis. Supplementary analyses were therefore carried out to evaluate any bias that might be introduced as a result.
Correction for injection depth
The terminals of M and P projections to layer 4C of striate cortex are segregated in layers 4Ca and 4Cb, respectively, so that any difference in the distribution of WGA-HRP label between the two layers might affect the ratio of labelled P and M neurons in the dLGN. The ratios were therefore corrected to take into account the relative volumes of layers 4Ca and 4Cb infiltrated with WGA-HRP. These were determined from a one in five series of sections through the cortex stained for HRP (Hanker-Yates) and counterstained with cresyl violet. The sections were drawn at a magnification of × 15.6 by means of a drawing tube to show the inner and outer edges of cortex, the borders of layer 4C, and the area of primary distribution of WGA-HRP (Zone I, Vanegas, Holländer & Distler, 1978) which is thought to correspond to the effective zone of uptake (Hollän-der & Vanegas, 1977; Vanegas et al., 1978; Horton, Greenwood & Hubel, 1979; Mesulam, 1982) . The outer borders of layer 4C were determined from the nearest section of one-in-ten series stained for cytochrome oxidase in which they were clearly visible, and the inner border between 4Ca and 4Cb was determined from the knowledge that the sublayers are of equal thickness and must therefore be equidistant from the two outer borders of layer 4C (Lund, 1974) . Alignment between adjacent sections was achieved by using features such as blood vessels and skewer tracks. As a further check, all three boundaries of layer 4C were determined independently in the Hanker-Yates series of sections from their known depths as a proportion of the thickness of the entire cortex (Lund, 1974) , and close agreement was found between the two methods ( Fig. 1 ). After the borders had been identified the areas of layers 4Ca and 4Cb infiltrated with WGA-HRP were measured using a digitising graphics tablet interfaced to a microcomputer, and the corresponding volumes calculated using Simpson's rule (Aherne & Dunnill, 1982) . The ratios of labelled P and M neurons counted in the dLGN were corrected by dividing the original ratio by the volume ratio of 4Cb to 4Ca for each injection.
Determination of eccentricity
P to M ratios were plotted as a function of visual eccentricity. For non-foveal injections, eccentricity was determined from the coordinates of the corresponding discrete patches of ganglion cells in the retinae which were labelled transneuronally with WGA-HRP and stained with TMB. The coordinates were measured from drawings and photographs and subsequently converted from mm to degrees using a standard distanceto-angle conversion factor for the rhesus monkey retina (Perry & Cowey, 1985) . The final eccentricity of each patch was taken to be the mean of the eccentricities in the left and right retinae. Note that because of the use of this simple transformation the resultant graph is almost identical in shape to a graph of P to M ratio plotted against distance from the fovea in mm. This method was only appropriate for the more peripheral injections, however, since retinal ganglion cells which represent vision at eccentricities of less than about 5°a re displaced laterally from the fovea by as much as 400 mm (equivalent to about 2.5°) (Perry & Cowey, 1988; Schein, 1988) . The eccentricity of the most central injections was therefore determined from precise measurements of the distance between the apogee of the striate cortex (the representation of the centre of the fovea) and the injection sites taken from 3D reconstructions (see Azzopardi & Cowey, 1996b for details) in conjuction with published values of cortical magnification factor (Van Essen et al., 1984) . All such injections were located within 1°of the fovea.
Results
A total of 15 injections of WGA-HRP were made in striate cortex from which label was recovered in both dLGN and retina. Their eccentricities ranged from 0.3 to 25.0°. The Hanker -Yates procedure labelled classic projection columns in the ipsilateral dLGN ( Fig. 2A) , within which individually labelled projection neurons were conspicuously distinguishable from unlabelled neurons (Fig. 2B) . The clusters of ganglion cells labelled transneuronally in the retina, from which the eccentricity of the injections was determined, were easily visible to the naked eye (Fig. 3) .
Ratios of P to M projection neurons in the dLGN, labelled from striate cortex, and calculated both before and after correction for the distribution of label across cortical layers 4Ca and 4Cb are shown as a function of eccentricity in Fig. 4 . Some of the variance in these data arises from pooling results obtained from the horizontal and vertical meridians (see Fig. 3 ) without correcting for the known anisotropies in the topographic distribution of neurons in the retinogeniculate pathway. (The apparent variance could have been reduced by plotting the ratios against equivalent eccentricity (Watanabe & Rodieck, 1989) as opposed to actual eccentricity.) Overall, the P:M ratios decrease with eccentricity, whether or not a correction was applied. However, the corrected ratios are higher near the fovea and decrease more rapidly with eccentricity than the uncorrected ones, implying a systematic trend in the effect of the correction with eccentricity. This can be attributed to a systematic change in the angle of the micropipette relative to the surface of the striate cortex from anterior to posterior imposed by the stereotaxic apparatus used to hold the micropipette in place as the WGA-HRP was injected. The angle was more acute in anterior striate cortex than in more posterior cortex, which caused the bolus of WGA-HRP to be placed shallower in relation to layer 4C near the foveal representation, and deeper in the more peripheral representation. This demonstrates how important it is to apply a correction. After correction, the ratios decreased from between 20:1 and 40:1 (mean 35:1) at the fovea ( B1°) to approximately 5:1 in the periphery (\ 15°). These values are similar to the ratios of 40:1 at the fovea and 4:1 in the far periphery (80°) calculated by Connolly and Van Essen (1984) . As a control, ratios of labelled P to M neurons in the dLGN were also plotted as a function of injection size (Fig. 5) . Injection size had no influence on the measured ratios.
The number of labelled P and M LGN neurons per unit volume of cortical layers 4Cb and 4Ca, respectively infiltrated with injected WGA-HRP was also plotted against eccentricity (Fig. 6 ). This shows that the ratio of P to M neurons decreased with eccentricity because, near the fovea, more P neurons are labelled from a unit volume of layer 4Cb of striate cortex and fewer M neurons are labelled from a unit volume of layer 4Ca, than in the periphery.
E6aluation of histological sampling bias
Two supplementary analyses were carried out to evaluate the sampling bias potentially associated with the use of non-stereological methods (Coggeshall & Lekan, 1996) in estimating the ratios of P to M projection neurons in the LGN. In the first, ratios were calculated after multiplying the volumes of the labelled projection columns measured from our sections by the densities of P and M neurons at corresponding eccentricities determined by Ahmad and Spear (1993) using stereological methods. In the second, the ratios were calculated after multiplying the volumes of the projection columns by the densities of P and M neurons in the projection columns determined in the same sections. Thus, three different estimates of P to M ratios were obtained, namely from: 1. Potentially biased counts of projection neurons labelled with WGA-HRP; 2. Unbiased estimated numbers of cresyl-stained neurons in projection columns (after Ahmad & Spear, 1993); 3. Potentially biased estimated numbers of cresylstained neurons in projection columns (calculated from densities of cell profiles in this study). To each set of data, curves were fitted using a leastsquares method (Fig. 7) . The function describing the curves is a sum of two exponentials y= a 1 e
(1) where x is eccentricity in degrees, y is P to M ratio, and a 1 , a 2 , b 1 , b 2 are constants. Values of the constants are given in Table 1 , together with the function values at eccentricities of 0, 15 and 90°. Methods II and III yield virtually identical function values at the fovea (y 0 =29.11 and y 0 =30.65, respectively) and in the periphery (y 15 =4.82 and y 15 =5.12, respectively), indicating that the bias associated with the use of profile counts in estimating P to M ratios in the LGN is negligible. This probably is because the ratios of neither the density nor the diameter of P and M neurons changes appreciably with eccentricity (unbiased data from Ahmad & Spear, 1993; see Saper, 1996) .
Method I yielded higher function values, both at the fovea (y 0 =36.76) and in the periphery (y 15 =6.4), than Methods II and III (mean y 0 =29.99, mean y 15 =4.97). This discrepancy is probably due to the distribution of interneurons in the P and M laminae of the LGN. As approximately 25% of neurons in P LGN and 35% of neurons in M LGN are interneurons (Montero & Zempel, 1986 ), the curve obtained by Method I (which excluded interneurons; see Section 4) is expected to be shifted upwards in relation to the curves obtained by Methods II and III (which included interneurons). In fact, the latter methods yield mean revised values of y 0 = 42.0 for foveal LGN, and y 15 = 6.96 in peripheral LGN after adjustment for the relative proportions of interneurons in the P and M laminae. The elevated values obtained using Method I are therefore consistent with there being relatively fewer interneurons in parvocellular LGN. The fact that ratio of P to M projection neurons in foveal LGN is slightly lower than predicted suggests that interneurons might not be distributed perfectly evenly through the P and M laminae. To our knowledge, no one has ever investigated this possibility. 
Discussion

Variation of P to M ratio with eccentricity
The present results indicate that the ratio of P to M projection neurons in the dLGN decreases with eccentricity, from about 35:1 at the fovea, to about 5:1 at 15°o f eccentricity. They are therefore consistent with the calculations of Connolly and Van Essen (1984) , as opposed to the results obtained by Livingstone and Hubel (1988) , also by retrograde labelling. A consideration of the differences between the two labelling experiments helps to account for the discrepancy between them.
First, Livingstone and Hubel did not attempt to correct for the possibility that their injections of HRP into striate cortex may have been unevenly distributed across layers 4Ca and 4Cb. In the present experiment, even injections that looked as if they had been centred on the border between the two layers were found to be unevenly placed, once measured (see Fig. 1 , for example). Bias in micropipette placement towards either layer, even if apparently small, could therefore cause systematic variation in the relative amounts of tracer transported by the P and M systems to the dLGN, ultimately affecting the ratio of P to M cell counts, as appears to be the case in Fig. 4 . Like Hubel and Livingstone, we ignored that fact that some geniculocortical afferents also terminate in layers IVA and VI. This is probably justified, since the number of terminals involved is relatively small and the contributing magnocellular and parvocellular terminals appear not to be segregated (Blasdel & Lund, 1983; Lund, 1989) .
Second, Livingstone and Hubel were obliged to estimate eccentricity by comparing visually the locations of their injections with published maps of the representa- Comparison of P to M ratios using potentially biased (dashed line) and unbiased (solid line) sampling methods. The former are based on P and M cell densities estimated from profile counts, the latter from unbiased published data (Ahmad & Spear, 1993) . The curves were fitted to the data using a least squares method. The two estimates of foveal P to M ratio were virtually identical. The dotted line indicates the curve fitted to the ratios obtained by counting the profiles of retrogradely labelled projection neurons.
which there are widely differing estimates, i.e. M 0 ranging from 4.7 to 30 mm deg − 1 , Daniel & Whitteridge, 1961; Hubel & Wiesel, 1974; Hubel & Freeman, 1977; Dow et al., 1981 Dow et al., , 1985 Tootell, Switkes, Silverman & Hamilton, 1988) particularly when the distances are relatively large. We did, however, use an estimate of the cortical magnification factor (Van Essen et al., 1984) to determine the eccentricity of the foveal injections because of the fact that ganglion cells representing the fovea itself are displaced centrifugally which would provide inaccurate determinations of corresponding visual eccentricity. Every estimate of monkey foveal cortical magnification factor, M 0 , would place injections up to 6 mm from the apogee of the striate cortex within 1°of visual eccentricity. Large discrepancies between estimates of eccentricity obtained from different sources would begin to accumulate beyond this because of significantly different estimates of the slope of the curve of M versus eccentricity added to different estimates of the intercept M 0 . Therefore, the more eccentric the injection, the less certain its corresponding visual eccentricity when determined from the cortical magnification factor.
Third, Livingstone and Hubel delivered their retrograde tracer by iontophoresis, whereas we used pressure injection and as a result our injections were approximately 20 times larger as indicated by the number of neurons labelled in the dLGN per injection (Fig. 5 ). Livingstone and Hubel recognized the possibility that injection size might influence the observed ratio through postulated differences between the P and M systems in variation in the size of axonal arborizations with eccentricity. However, in neither study did a plot of P to M ratio as a function of injection size reveal any systematic correlation between them.
Fourth, Livingstone and Hubel used unconjugated HRP, which is known to label only geniculocortical projection neurons when injected into striate cortex (Montero, 1986 ), whereas we used wheatgerm agglutinated HRP. The specific purpose of using WGA-HRP was to label retinal ganglion cells transneuronally (only evident when stained with sensitive TMB protocol, LeVay & Voigt, 1990; Azzopardi & Cowey, 1993) at the same time as labelling geniculocortical projection neution of the visual field on the striate cortex (Daniel & Whitteridge, 1961; Van Essen et al., 1984) . However, the topography of the visual representation in the cortex can vary widely among individual macaque monkeys (Van Essen et al., 1984) . In the present study the eccentricity of the non-foveal injections was estimated more directly, by measuring the distance of transneuronally labelled clusters of ganglion cells from the fovea in the retinae, and converting to the corresponding visual eccentricity using the retinal magnification factor (Perry & Cowey, 1985) . Unlike cortical magnification factor, the retinal magnification factor is remarkably consistent from specimen to specimen, and therefore provides a more accurate estimate of visual eccentricity than measuring distance along the cortex from the apogee of the striate cortex (where the fovea is represented) to the injection site and then converting to eccentricity using the cortical magnification factor (for 30.65 a y 0 is the function value at the fovea, estimated by extrapolation. The value of y 0 determined by each method is within 6% of the mean determined from the foveal injections in the corresponding set of data.
rons. It is therefore conceivable that some transneuronally labelled geniculate interneurons were revealed by the less sensitive Hanker -Yates staining method, and subsequently counted. We believe this is unlikely because of the following (unpublished) evidence. First, interneurons are significantly smaller than projection neurons in the dLGN (Montero & Zempel, 1986) , so that any procedure which labelled both classes of neuron should reveal a bimodal size-frequency distribution. Such a distribution was revealed in sections through the dLGN labelled retrogradely with WGA-HRP after long-term incubation with TMB (the method which also revealed transneuronally labelled ganglion cells in the retina), but not in adjacent section after staining with the standard Hanker -Yates procedure, implying that the former stained transneuronally-labelled interneurons in the dLGN but the latter did not. Second, it is possible to reveal neurons labelled retrogradely from striate cortex with the sensitive TMB method in other parts of the brain, such as inferior temporal lobe cortex, which have never been revealed with the insensitive Hanker-Yates method in those areas. Third, we have never been able to reveal transneuronally-labelled ganglion cells in the retinae with the Hanker -Yates method. This evidence suggests that the standard Hanker -Yates procedure is too insensitive to label the minute amounts of WGA-HRP transported across synapses. We are therefore reasonably certain that the Hanker-Yates method provides a good estimate of the number of retrogradely-labelled projection neurons in the dLGN, uncontaminated by transneuronally-labelled interneurons.
Interpretation of P to M ratios
Although the results of this experiment are clear, they are not necessarily straightforward to interpret. At any point in the cortex at which an injection of WGA-HRP is administered the relative number of corresponding P and M neurons labelled in the dLGN will depend on the density of their afferents to striate cortex and the relative diameters of their terminal fields in layers 4Ca and 4Cb, which jointly determine the coverage of the afferent terminal fields. Equivalent coverage could be achieved with a high density of afferents with small terminal fields or a lower density of afferents with large terminal fields. Thus a change in P to M ratio determined from a series of tracer injections at different eccentricities could, in theory, reflect a decrease in the density of P terminal fields, or decrease in the overlap of P terminal fields at increasing eccentricity combined with constant densities of P and M afferents. This, in itself, would have interesting functional implications. However, although P and M afferent terminal fields have different diameters (M: 350 -400 mm; P:150 -200 mm; Blasdel & Lund, 1983; Freund, Martin, Soltesz, Somogyi & Whitteridge, 1989) there is no evidence that they vary systematically with eccentricity (perhaps because no one has looked for it), and changes in the relative number of P and M neurons in the dLGN as a function of eccentricity seem to account for most or all of the change in ratio of P to M afferents to the cortex (Connolly & Van Essen, 1984) .
Implications for expansion of central 6ision
Schein and de Monasterio (1987) and Malpeli et al. (1996) have argued that the decline of P to M ratio with eccentricity occurs in the context of a uniform distribution of P afferents to striate cortex across its entire extent. This is inconsistent with the fact that more P neurons in the dLGN were labelled from a unit volume of cortical layer 4Cb near the fovea than in the periphery (Fig. 6) . It is also inconsistent with the fact that central vision is expanded in the striate cortex with respect to the dLGN (P and M laminae combined), since no amount of divergence in the M pathway, which is only about 10% of the size of the P pathway, could be combined with a uniformly projecting P pathway to produce the amount of expansion that was actually observed (Azzopardi & Cowey, 1996a,b) .
A decrease in the ratio of P to M neurons in the dLGN with eccentricity could arise either if there were a corresponding decrease in the ratio of Pb to Pa ganglion cells in the retina with eccentricity, accompanied by a 1:1 ratio of projections between retinal ganglion cells and dLGN neurons at all eccentricities, or, in the absence of significant variation in the ratio of Pb to Pa retinal ganglion cells, if there were an increase in the number of P neurons representing central vision in the dLGN. Ratios of P to M neurons in the retina and dLGN as a function of eccentricity are compared in Fig. 8 . The ratio of P to M neurons in the dLGN exceeds the ratio of Pb to Pa ganglion cells at the fovea by an average factor of 3.9, but was exceeded by the ratio of Pb to Pa ganglion cells in peripheral retina by a factor of about 2.7. This confirms the existence of selective overrepresentation of central vision in the parvocellular dLGN, and is consistent with evidence suggesting that the projections of Pb ganglion cells from the retina diverge as they approach foveal parvocellular dLGN and converge as they approach peripheral dLGN (Clark, 1941; Connolly & Van Essen, 1984; Azzopardi & Cowey, 1995) . It suggests that early central processing of foveal information is specialized.
Given that the angular densities of M and P neurons change with eccentricity in different ways, one might expect that visual functions mediated by the P and M systems have different threshold gradients across the visual field (Drasdo, 1989) . There are still few reports of the variation of thresholds with eccentricity using tasks designed to be substantially more appropriate for either Ahmad, A., & Spear, P. D. (1993) . Effects of ageing on the size, density, and number of rhesus monkey lateral geniculate neurons. Journal of Comparati6e Neurology, 334, 631 -643. Azzopardi, P., & Cowey, A. (1993 P or M systems, but the limited psychophysical evidence available suggests that the majority of visual functions cannot be accounted for in this way (Drasdo, 1991) . Perhaps, as variation in P to M ratio across the visual field must also be accompanied by some redistribution of afferents, there are other differences between the P and M systems, e.g. variation between them in terminal field coverage as a function of eccentricity in the LGN and cortex, which have to be taken into account. The differences between central and peripheral vision that arise as a result could therefore be difficult to quantify without much more detailed information about the connexions between retinal afferents and their geniculate targets, and between geniculate afferents and their cortical targets. It is probably unrealistic, therefore, to expect one or two scale factors derived purely from neuronal densities to account for all possible visual threshold gradients across the visual field.
